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The combination of advanced neuroimaging techniques and major developments in
complex network science, have given birth to a new framework for studying the brain:
“connectomics.” This framework provides the ability to describe and study the brain as
a dynamic network and to explore how the coordination and integration of information
processing may occur. In recent years this framework has been used to investigate the
developing brain and has shed light on many dynamic changes occurring from infancy
through adulthood. The aim of this article is to review this work and to discuss what we
have learned from it. We will also use this body of work to highlight key technical aspects
that are necessary in general for successful connectome analysis using today’s advanced
neuroimaging techniques. We look to identify current limitations of such approaches, what
can be improved, and how these points generalize to other topics in connectome research.
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INTRODUCTION
The ﬁrst two decades of life represents a period of developmen-
tal change in sensory, motor, and cognitive abilities. One of the
ultimate goals of developmental cognitive neuroscience is to link
the complex behavioral milestones that occur throughout this
time period with the equally intricate functional and structural
changes of the underlying neural substrate. Much of the human
developmental literature has focused on localizing and classi-
fying the function of individual brain regions and how these
regional specializations arise; however, in recent years, buoyed by
the methodological improvements of magnetic resonance imag-
ing (MRI), there has been a growing interest and re-emerging
emphasis on examining how these specialized neural processes
become integrated and how the level of integration changes with
development.
The foundation of these new efforts in examining the sys-
tem organization that supports the selection and coordination of
distributed neural processes lies in brain connectivity. There are
predominantly three forms of brain connectivity that are likely
to facilitate orchestrated information ﬂow—anatomical connec-
tivity, functional connectivity, and the related effective connec-
tivity. Anatomical connectivity as the name suggests, relates
to the axonal connections that directly link neural ensembles.
Functional connectivity, on the other hand, is deﬁned as “tem-
poral correlations between spatially remote neurophysiological
events” (Friston et al., 1993; Lee et al., 2003). While the majority
of the work described below will focus on these two phenomena,
it should be noted that effective connectivity, which measures
causal relations between segregated neural units, is an important
( i fn o ti d e a l )w a yt oe x a m i n et h en a t u r eo fi n t e g r a t e dp r o -
cesses (Friston, 2002; Stephan, 2004). Unfortunately, methods
to measure effective connectivity in humans with todays MR
measurements are particularly challenging (Smith et al., 2011).
Until recently the evaluation of structural (axonal) connec-
tions between different areas of the brain was only accessi-
ble by post-mortem chemical tracing and histological methods.
These techniques were able to map to some extent the meso-
scopic architecture of white matter connectivity in the primate
(Schmahmann and Pandya, 2006), but are limited very local
and microscopic connectivity patterns in rodent (e.g., Denk
and Horstmann, 2004; Micheva and Smith, 2007; Lichtman
et al.,2008).These microscopictechniques are cumbersome, have
low throughput and cannot be used in humans. Furthermore,
they cannot be used in vivo. Electrophysiological methods
such as evoked potentials, Electro-Encephalo-Graphy (EEG) and
Magneto-Encephalo-Graphy (MEG) are non-invasive techniques
that assess function or functional connectivity between brain
areas. They have proven their utility in studying fundamental
brain properties in development and pathologic conditions (e.g.,
Srinivasan, 1999; Varela et al., 2001; Jeong, 2004; Sahin et al.,
2009; Stam, 2010; Gonzalez et al., 2011). However, poor spa-
tial localization of these techniques makes it difﬁcult to study
functionally related systems. Over the last decade tremendous
developments in MRI have occurred, which have allowed us to
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move beyond these aforementioned techniques. Of particular
interest tothe studydevelopingbrainconnectivity areadvances in
diffusion andresting state functional MRI. These techniques have
good spatial resolution and are able to study macroscopic and
long-range structural and functional connectivity in vivo across
development.
IMAGING STRUCTURAL CONNECTIVITY
Water molecules inside tissues experience random motion due
to thermal energy, which is commonly referred to as Brownian
motion(Einstein, 1956;LeBihan,1995).Diffusion-weighted MRI
is sensitive to this Brownianmotion becauseitmagnetically labels
moving protons. Diffusion-weighted MRI came under the spot
lightinthemedicalcommunityintheearly1990swhenitwasﬁrst
demonstrated that diffusion-weighted MRI is exquisitely sensitiv-
ity to acute stroke (Moseley et al., 1990). A few years later another
discovery attracted even more attention to diffusion imaging.
Scientists observed that the diffusion coefﬁcient was orientation
dependentinwhitematter(Doueketal.,1991;Basseretal.,1994).
These orientational biases reﬂect underlying axonal coherence
at the voxel level and are now used for mapping axonal bun-
dle trajectories (Wedeen, 1996; Conturo et al., 1999; Mori et al.,
1999). Over the years, improved MRI hardware and diffusion
acquisition schemes as well as tractography algorithms have been
developed (Hagmann et al., 2006, 2010a). Today it is possible
to acquire in vivo datasets that can be used to map brain struc-
tural connectivity by reconstructing thousands of ﬁber pathways
connecting hundreds of gray matter regions in clinically feasible
times (Hagmann et al., 2007; Iturria-Medina et al., 2008). This
technology has now been utilized in numerous applications and
across multiple ﬁelds (Nucifora et al., 2007; Johansen-Berg and
Rushworth, 2009; Wedeen et al., 2012).
As will be discussed below, the method is not without limita-
tions. For example, diffusion based connectivity does not provide
a wholesale account of the connective patterns in the brain. It is
restricted to the examination of axonal groups who path remains
coherent over large scales. Microscopic information such as the
number of axons and g-ratio are difﬁcult if not impossible to
ascertain. In addition there is also a lack of speciﬁcity with infor-
mation about the direction of information transfer, synapses and
receptorsinaccessible.Finallytherearesomeaxonalpathwaysthat
are difﬁcult to reconstruct even with the best techniques due to
small axonal size and/or number, axonal crossings, or sharp angle
turns. Nonetheless, our current ability to map whole brain struc-
tural connectivity in a relatively short period of time enables us
to study global network organizational properties of the brain
and their relation to development and pathology. This network
perspective has led to the deﬁnition of a new concept: the “con-
nectome” (Hagmann, 2005; Sporns et al., 2005). In complete
analogy to the word “genome,” this new “-ome” emphasizes the
notion that the brain is a large and unique complex system: a
network made of structural and functional connections (edges)
linking speciﬁc neural units (nodes).
IMAGING FUNCTIONAL CONNECTIVITY
The Blood-Oxygen-Level-Dependent (BOLD) signal captured by
functional MRI is an indirect measure of local neural activity
(Logothetis and Wandell, 2004). Over the years fMRI has played
a tremendously important role in mapping task-induced cog-
nitive functions onto neuroanatomy. More recently a comple-
ment to these traditional task-based studies has become popular.
These new studies examine intrinsic, temporally correlated low-
frequency BOLD signals in subjects at rest, not performing any
task. This technique is most often referred to as resting state func-
tional connectivity MRI (rs-fcMRI). Biswal and colleagues were
the ﬁrst to report that low frequency resting state BOLD signal
ﬂuctuations in the brain were organized into functionally rel-
evant systems (Biswal et al., 1995). While the implications of
this work were initially slow to capture the collective attention
of the scientiﬁc community, the last several years have witnessed
an exponential rise in investigations using rs-fcMRI. To date, rs-
fcMRI has been used to examine systems-level organization of
visual (Lowe et al., 1998), auditory (Cordes et al., 2001), motor
(Biswal et al., 1995), memory (Hampson et al., 2006), language
(Xiang et al., 2010), attention (Fox et al., 2006), and task control
systems (Dosenbach et al., 2007). It has been used to study aging
(Greicius et al., 2004; Andrews-Hanna et al., 2007), as well as dis-
orderssuchasschizophrenia(TononiandEdelman,2000),autism
(Just et al., 2007), Alzheimer’s disease (Greicius et al., 2004),
Tourette syndrome (Churchetal.,2009), andADHD(Castellanos
et al., 2008; Fair et al., 2010b), just to name a few. It has even been
increasingly used in animal and rodent models, including non-
human primates, with results that suggest system organization
is at least partly preserved across species (Vincent et al., 2007).
Lastly, the technique shows very consistent results across subjects,
scanners, and days (Damoiseauxet al., 2006; Shehzad et al., 2009)
making it an attractive method for large multicenter studies.
Importantly, and one limitation of the measure (amongst oth-
ers described below), is that the origin of these low frequency
BOLD time series correlations is still largely unknown. There are
suggestions that neuronal activity in the gamma and delta fre-
quency spectrum as measured from EEG and MEG are related
to these low frequency BOLD oscillations (Lu et al., 2007; He
and Liu, 2008; Scholvinck et al., 2010). These ﬁndings have
led to the popular belief that these low frequency BOLD sig-
nal oscillations are the envelope of higher frequency evoked ﬁeld
potentials, which are directly related to action potentials of pop-
ulations of neurons (local ﬁeld potentials or LFPs). Correlation
between two BOLD time series coming from different parts of
the brain is a measure of statistical dependence in the neuronal
activity of these two populations of neurons. If this dependence
is high between two brain regions, these regions are said to be
“functionally connected.” Signiﬁcant and high correlations are
observednotonlybetween regionsdirectlyconnected structurally
but also between regions that are known to have multi-synaptic
connections (Vincent et al., 2007).
THE RELATION BETWEEN STRUCTURAL AND FUNCTIONAL
CONNECTIVITY
If human structural brain networks can be reliably partitioned
into tens or hundreds of distinct network modules, then it is
expected that these modules will correspond to functionally
localized subdivisions of the brain. To support this hypothesis,
Johansen-Berg and colleagues have shown that connection-based
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subdivisions of the premotor cortex correspond closely to the
subdivisions identiﬁed using functional imaging of motor and
linguistic tasks in the same individuals (Johansen-Berg et al.,
2004). Similar approaches where used to identify structural enti-
ties inside the thalamus (Zhang et al., 2008), the inferior frontal
cortex (Anwander et al., 2007), the cingulate cortices (Beckmann
et al., 2009), and the visual secondary pathways (Hagmann et al.,
2008).
Over the last few years several studies have focused on the
relationship between resting state functional connectivity and
structural connectivity. These studies showed largely convergent
results (Koch et al., 2002; Hagmann et al., 2008; Greicius et al.,
2009; Honey et al., 2009), indicating that at the regional as well
as at the connectome (Hagmann, 2005; Sporns et al., 2005)
level, the strength of functional connectivity is positively corre-
lated with the strength of structural connectivity, when direct
or indirect structural connectivity is present and measurable.
When the latter is not present functional connectivity is generally
more variable but still can be strong (Honey et al., 2009). There
is further evidence that there is signiﬁcant correlation between
structural white matter coherence and EEG functional connec-
tivity in healthy controls and patients suffering of amnesic mild
cognitive impairment (Teipel et al., 2009).
To even further probe the structure-function relation, a num-
ber of computational experiments have combined inter-regional
connectivity data with intra-regional circuit and cellular proper-
ties to produce large-scale models of cortical (Honey et al., 2007,
2009; Ghosh et al., 2008; Knock et al., 2009) and cortico-thalamic
function (Izhikevich and Edelman, 2008)( Figure1). These mod-
els have shown a strong predictability of the low frequency func-
tional activity from the model, which supports the concept that
functional activity is largely shaped by the underlying physical
w i r i n g( a tl e a s ti na d u l tp o p u l a t i o n s ) .
BRAIN DEVELOPMENT
DEVELOPMENT OF STRUCTURAL CONNECTIVITY
The development of structural connectivity is a complex pro-
cess that is not fully understood. The rich diversity of structural
brain connectivity beyond that determined by genetics is thought
to be mediated by activity-dependent stabilization of develop-
i n gs y n a p s e sa n ds e l e c t i v ee l i m i n a t i o n( Changeux and Danchin,
1976). Therefore, activity mediated self-organization has come to
be considered a fundamental characteristic of brain development
(Grossberg, 1980; Changeux et al., 1984; Edelman and Finkel,
1985; Montague et al., 1991; von der Malsburg, 1995; Johnson,
1997; Werner, 2007). The cellular and molecular events that gov-
ernthe process ofdevelopingcortical connectivity is complex and
beyond the scope of this paper. However, it is widely accepted
that activity-independent mechanisms dominate during the early
phases ofcortical connectivity developmentwith later reﬁnement
governed by activity dependent mechanisms (Price et al., 2006).
A basic outline of the timeline for the development of major
connections is provided below to help provide a framework for
understanding this complex process.
Axonal afferent connections ﬁrst start to appear around the
8th post conceptual week (PCW) and continue to form until
the neonatal period (Muller and O’Rahilly, 2006; Vasung et al.,
2011a,b). After thalamo-cortical and basal forebrain axonal affer-
ents emerge around 8 PCW, they continue to extend toward the
cortical plate (CP) and undergo a waiting period in the sub-
platebeginning around13–14PCW. After 23PCWtheypenetrate
the CP guided by subplate neurons. The development of cortical
efferents is less well characterized but is related to the corti-
cal layer of destination in that neurons destined for different
layers will begin to develop different layer speciﬁc connections
(Lotto et al., 1999; Price et al., 2006). Corpus callosum axons
develop a few weeks after the thalmo-cortical axons and are evi-
dent by 11 PCW (Vasung et al., 2011a,b). Projection axons from
the motor cortex are evident as early as 24 PCW (Eyre et al.,
2000). Long and local cortico-cortical connections are difﬁcult
to detect by standard immunochemical or histological techniques
but diffusion imaging studies detect tracts consistent with many
long association systems as early as 17 PCW (Vasung et al.,
2011a,b;Huangetal.,2006;Takahashiet al.,2011b).Speciﬁcation
of cortical areas occurs through afferents, primarily thalamo-
cortical, and is followed by a phase of exhuberent connectivity
which is further reﬁned by selective pruning (Innocenti, 1995).
Recent studies suggest that reﬁnement of exuberant connectiv-
ity may play a more important role in infragranular feedback
circuits than supraganular feed-forward circuits (Price et al.,
2006).
Although the vast majority of our knowledge about develop-
ing connectivity comes from histological and immunochemical
studies of specimens, as noted above, diffusion imaging of ﬁxed
human fetal specimens is beginning to have a signiﬁcant impact
on our understanding of developing human brain connectivity.
Unlikethehistological andimmunochemicalstudies whereonlya
few slices or small regions are studied, MRI tractography allows a
wholebrain3Devaluationoftissuecoherenceprovidinginforma-
tiononregionalorganizationchangesasearlyas11PCW(Vasung
et al., 2011a,b). Radial and tangential migration routes can be
identiﬁed as well as emerging long and short-range association
systems (Figure2)( Huang et al., 2006; Vasung et al., 2011a,b;
Takahashi et al., 2011b, 2012). Potential for in vivo observation of
earlyfetal developingconnectivity exists ascurrently earlyreports
of in vivo fetal tractography exist (Kasprian et al., 2008).
From the neonatal period onwards, analysis of in vivo dif-
fusion acquisitions predominates over ex vivo techniques. With
axonal connections in place, white matter changes reported
from infancy to approximately 2 year of age are predomi-
nantly a reﬂection of developing myelination and axonal loss
due to pruning. Synaptic density peaks around 1 year of
age with rapid process elimination during preschool years
(Huttenlocher, 1984). Tractography studies in newborns detect
all the major pathways (Dubois et al., 2006; Liu et al., 2010).
From birth to adolescence, diffusivity (ADC) decreases and frac-
tional anisotropy (FA) increases (Dubois et al., 2006; Huppi and
Dubois, 2006; Mukherjee and McKinstry, 2006; Cascio et al.,
2007; Eluvathingal et al., 2007; Hagmann et al., 2010b; Liu et al.,
2010). Current studies do not capture the exuberant number
of axonal branches that regress during early development and
in fact typically show more tracts with increasing age, which
likely is an artifact of tractography (see below). However, these
studies do detect asynchronous and asymmetric development
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FIGURE 1 | Computational model of functional connectivity. (A) Scatter
plot of empirical resting state functional connectivity versus simulated resting
state functional connectivity obtained from the nonlinear model,
downsampled to the low resolution. (B) Comparison of structural
connectivity, emprirical resting state functional connectivity and nonlinear
model of resting state functional connectivity for two single seed regions,
the posterior cingulate in the right hemisphere (rPC) and the precuneus
in the left hemisphere (lPCUN). (C) Mapping of structural, empirical
resting state functional connectivity and modeled resting state functional
connectivity within the default mode network (DMN). Within the posterior
cingulated/precuneus, medial orbitofrontal cortex and lateral parietal
cortex in both hemispheres were selected clusters of ﬁve ROIs at positions
that most closely matched the coordinates of peak foci of the DMN.
These 30 ROIs served as the seeds from which SC and rsFC were
determined. (D) Structural connectivity within the DMN. Adapted from
Honey et al. (2009).
of white matter tracts. The decreasing diffusivity and increas-
ing FA is thought to be due to increasing myelin and myelin
maturation.
From childhood to early adult, changes in diffusion mea-
sures of connectivity should be largely due to myelin modu-
lation as the measure is most sensitive to large-ﬁber bundles,
which are intact early in development Importantly, this mea-
surement is likely providing additional information not always
considered by traditional (i.e., non-MRI) structural connectiv-
ity techniques and theories which typically focus on the pat-
terns of connectivity. Temporal information transfer is not only
governed by the pattern of connectivity, but also axonal diam-
eter, axonal length, and myelination (Innocenti, 1995; Chen
et al., 2002; Buteﬁsch, 2004). In fact, surrogate markers such
as regional diffusivity has been shown to drive increased struc-
tural connection efﬁciency, contribute to increasing small world-
edness and improved matching of structural and functional
c o n n e c t i v i t yf r o m1 8m o n t h st o1 8y e a r s( Hagmann et al.,
2010b).
Similar to the cerebral and thalamic connections, the ponto-
cerebellar connections undergo a phaseof exuberantconnectivity
and elimination (Kalinovsky et al., 2011). Although tractogra-
phy studies of mature cerebellar connections exist (Granziera
et al., 2009), little data is currently available on developing cere-
bellar structural connectivity using MRI tractography (Saksena
et al., 2008a,b; Aeby et al., 2009). A number of groups and cur-
rently studying this process given the profound impact cerebellar
development has on cognitive development.
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FIGURE 2 | Sagittal tractography image of an 18 week gestational age
fetal pathology specimen shows highly radial coherence of the
cerebral mantel consistent with radial migration [courtesy of Emi
Takahashi (T a k a h a s h ie ta l . ,2 0 1 1 a )].
FUNCTIONAL CONNECTIVITY ACROSS DEVELOPMENT
As early as 1875 spontaneous synchronized neural activity has
been used to study various aspects of adult brain organization
(Caton, 1875; Berger, 1929, 1933; Swartz and Goldensohn, 1998).
However, despite the passing of over 130 years since its incep-
tion, there has been little work detailing its role in developmental
phenomena occurring after birth.
To date, likely the most recognized function of spontaneous
correlated activity in postnatal developmentisits inﬂuence on the
maturation of ocular dominance columns (ODC). While there
have been other prominent views of how ODC develop (Sur and
Leamey, 2001; Katz and Crowley, 2002; Luo and O’Leary, 2005;
Price et al., 2006), the most prominent account proposes that
spontaneous synchronized neural events play a role. This work
has shown that the presence of retinal inputs are not required
for the segregation of layer IV projections into well-delineated
columns. Rather, activity in the form of intrinsic burst of cor-
related activity from the lateral geniculate nucleus (LGN) can
account for ODC formation (Crowley and Katz, 1999; Sur and
Leamey, 2001; Katz and Crowley, 2002). Indeed, the eye speciﬁc
layers of the LGN itself arealso likely formed prenatally, at leastin
part, secondary to spontaneous neural activity (Sur and Leamey,
2001).
While the formation of ODC occurs fairly early after birth,
until recently little work has been done concerning the develop-
ment and role of intrinsic correlated activity in later postnatal
years. As such, there is much to explore regarding functional
connectivity and its relation to brain development.
Theearliestworktoexamine brainsystems inchildren withrs-
fcMRIcamefromKiviniemi et al.(2000).Inthisstudytheauthors
evaluated resting-state baseline ﬂuctuations in 12 children anes-
thetized with thiopental. The authors found bilateral organized
correlated activity in the striate and extrastriate visual cortex in
these children. While the work was limited to the visual cortex it
wasimportant, asitshowed thatlow-frequency,correlated intrin-
sic activity could be measured via BOLD fMRI in populations as
young as 3 months of age. Several years later it was recognized
that similar phenomena could be observed during sleep as well
(Redcay et al., 2007).
The realization that functional brain organization could be
measured via rs-fcMRI in children and infants at rest, during
sleep, or under anesthesia in the absence of experimental manip-
ulation, quickly led to a series of reports investigating the brain’s
maturing functional architecture. The ﬁrst study to examine
large-scalesystems usingrs-fcMRIin sleepinginfants wasdoneby
Franssonetal.(2007). Inthis reportFranssonandcolleaguesused
independent component analysisto examine functional networks
in sedated premature infants scanned at term equivalent. The
study expanded on early ﬁndings (Kiviniemi et al., 2000; Redcay
et al., 2007) and showed rs-fcMRI delineated the visual cortex
along with somatomotor and auditorysystems. They also showed
two other segregated components: one consisting of medial and
lateral parietal cortex, and another comprising medial and lateral
anterior prefrontal cortex. The authors viewed these latter two
components as being precursors to the brains “default network.”
The default network is a system ﬁrst characterized in adults by
a consistent decrease in activity during goal directed tasks com-
pared to baseline (Shulmanet al., 1997; Raichle et al., 2001). How
this system contributes to brain function in developing and adult
populations has received considerable attention in recent years
(Greicius et al., 2003; Fox et al., 2005; Fransson, 2005; Fair et al.,
2008; Kelly et al., 2009; Supekar et al., 2010), and is still a source
of signiﬁcant debate (Hampson et al., 2006; Burgess et al., 2007;
Gilbert et al., 2007; Morcom and Fletcher, 2007).
Since this work, there have been several other studies that have
examined correlated spontaneous activity in infants at various
stages of development (Lin et al., 2008; Liu et al., 2008; Fransson
et al., 2009; Gao et al., 2009; Smyser et al., 2010). The combina-
tion of this work suggests that most primary motor and sensory
systems while detectable and coherent in these early years, con-
tinue to undergo some change as late as 2 years of age (Lin et al.,
2008), and likely beyond.
The level of development of other non-primary sensory or
motornetworks, suchascontrolsystems orthedefaultnetwork is,
as of now, unclear. There is strong evidence that signiﬁcant alter-
ations exist for these systems over development; however, studies
examining the level of coherence within these networks at early
stages of infant development have thus far revealed inconsistent
results (Power et al., 2010).
Studies of resting-state functional connectivity have increased
signiﬁcantly in recent years (Uddin et al., 2010; Vogel et al., 2010;
Poweretal.,2012).Oneﬁndingthathasreceivedsigniﬁcantatten-
tion relates to the local and global arrangement of connections
between systems. Several authors have now revealed a strong
tendency toward a reduction in the number (or proportion) of
short-range connections with age and the concomitant increase
innumberoflong-rangeconnections (Fairetal.,2007;Kellyetal.,
2009).Theseobservationsﬁtwellwithsuggestionsthatperceptual
and cognitive development involve the simultaneous segregation
and integration of information processing streams (Srinivasan,
1999; Johnson, 2001; Luna and Sweeney, 2004; Fair et al., 2006,
2009a; Bunge and Wright, 2007). In fact, functional connectiv-
ity changes of this nature over development appear to be strong
enoughinevenasinglesubjecttomakefairlyaccuratepredictions
Frontiers in Systems Neuroscience www.frontiersin.org June 2012 | Volume 6 | Article 43 | 5Hagmann et al. Concepts in imaging brain connectivity development
about the brain maturity of any given individual (Dosenbach
et al., 2010). With that said, the robustness of these results has
recently come into question as artifact in the form of “micro-
movements” are likely augmenting ﬁndings of this type (Power
et al., 2012; Satterthwaite et al., 2012; VanDijk et al., 2012). While
many of the large-scale patterns appear to persist even after cor-
recting for this confound (Van Dijk et al., 2012), it is likely that
the distributions, with regard to distance, of connections that get
stronger and those that get weaker with age are signiﬁcantly more
overlapping than previously perceived.
One area that has received less attention in the nascent years
of developmental rs-fcMRI is cortical-subcortical interactions.
Whereas the majority of rs-fcMRI investigations have focused on
cortical-cortical changes, subcortical structures and their corti-
cal links also show developmental change during childhood and
adolescence. For example, Supekar et al. (2009) showed that sub-
cortical areas are more strongly connected with primary sensory,
association, and paralimbicareas in children compared to adults.
Fair et al. (2010a) also showed unique developmental cortical-
subcortical trajectories with regard to the thalamus (Figure3).
These reports suggest that cortical-subcortical changes, along
with cortical-cortical interactions, are likely to contribute to the
FIGURE 3 | Changes in thalamo-cortical connectivity across age. The
color-coded thalamus, based on the winner take all strategy (Zhang et al.,
2008), in adults shows a functional organization that is remarkably similar to
known nuclear groupings in the primate thalamus. However, the picture is
different in adolescents and children. In both adolescents and to a greater
extent children, thalamo-temporal interactions encompass a greater portion
of anterior and midline thalamus, while the frontal lobe interactions
encompass much less of the anterior portions of the thalamus. In children,
thalamo-temporal interactions not only encroach on areas that, in adults,
are dominated by thalamo-frontal interactions, but also impinge on thalamic
zones that later become functionally more connected with motor/premotor,
somatosensory, and occipical/parietal cortex; Transverse Z =+ 8, Sagittal
X =− 12, Coronal Y =− 27.
shift from reﬂexive, stimulus-bound behavior in childhood, to
the goal-directed and more ﬂexible functioning that is found in
adulthood.Animportant endeavorwith regard to theseandother
rs-fcMRI ﬁndings in future work will be to tie similar theoreti-
cal behavioral links with quantitative observations. Some of this
work is already underway (e.g., Mills et al., 2012; Stevens et al.,
2012).
Importantly, despite the evidence for multiple changes in sys-
tem organization from childhood through adulthood, at the
global level the network structure in childhood remains efﬁcient
(at least in school-aged children). For example, in adults, it has
been reported on several occasions that the mature brain is orga-
nized as a “small world” (Sporns and Zwi, 2004; Sporns and
Honey,2006;Dosenbachetal.,2007).Adultbrainsshowrelatively
high clustering coefﬁcients, importantforsegregated information
processing, and short path lengths, essential for efﬁcient informa-
tion transfer (Watts and Strogatz, 1998). Two reports have now
revealed that the small world architecture is present in the brains
of children as well (Fair et al., 2009b; Supekar et al., 2009). These
data suggest that early school age children and young adults both
have segregated and efﬁcient cognitive systems that may solve
similar information processing problems in divergent ways.
DEVELOPMENT OF THE STRUCTURE-FUNCTION COUPLING
As noted above, recent connectivity analysis of rs-fcMRI has
shown that distinct functional networks become more tightly
deﬁned across development (Fair et al., 2007, 2009b). There is
now evidence that these functional changes, in part, parallel the
white matter maturation.
For example, Fornari et al. (2007) studied the maturation of
visual spatial integration and its relation to the myelination of
the splenium of the corpus callosum. They applied a combined
functional MRI and magnetization transfer imaging paradigm.
Fourteen children (age 7–13) were scanned while viewing visual
stimuli with or without the requirement for inter-hemispheric
integration. They showed that the BOLD response in the lin-
gual gyrus was correlated with the myelination of splenial ﬁbers
as measured with magnetization transfer, suggesting that the
activation of the extrastriate visual areas, enabling spatial inte-
gration, depend on the maturation of long-range cortico-cortical
connections.
The maturation of functional systems as described by Fair
et al. (2007, 2009b) was the basis of the work by Zielinski
et al. (2010). He used a technique called structural covariance
of MRI data, which allows the mapping of cortical thickness co-
variation. Cortical areas that are structurally connected should
have a statistical dependence in their thickness according to the
authors. There are several hints why cortical areas that are con-
nected (i.e., have synchronous activity) should co-variate in their
thickness across a population of subjects. On one hand there
is evidence that synchronous neuronal ﬁring promotes synapto-
genesis in the involved network (Katz and Shatz, 1996; Bi and
Poo, 1999). On the other hand gray matter thickness and vol-
ume changes are related to changes in dendritic and synaptic
density as well as intra-cortical myelination (for review: Toga
et al., 2006). Zielinski used covariance cortical thickness map-
ping to identify primary sensory and motor networks as well as
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language, social-emotional and other cognitive networks in dif-
ferent age groups. He could show that these networks are present
from early childhood through early adulthood and that these
structural networks undergo signiﬁcant maturation along with
functional connectivity. High-level networks become increasingly
distributed while primary sensory or motor networks expand
during adolescence and refocus during early adulthood.
Building on earlier work (Hagmann et al., 2008), Hagmann
et al. studied a cohort of subjects ranging from 2 to 18 years
and using in combination diffusion MRI and rs-fMRI to cre-
ate for each subject a brain map of functional and structural
connectivity (Hagmann et al., 2010b). In this study the correla-
tion between structural and functional connections was ranging
between0.25and0.45forindividualparticipants,replicatingsim-
ilar results found in adults. Modular organization of structural
and functional connectivity is in place in young subjects and
does not change (Figure4A). More intriguingly they observed a
clear tendency of increasing structure-function correlation with
age (R = 0.74, p < 0.005) (Figure4B). At this stage, the authors
could not provide a straightforward explanation, but they pro-
vided a good overview of the different phenomena likely to play a
role (Hagmann et al., 2010b). White matter maturation is known
to be a very complicated process where many structural and bio-
chemical changes occur. Axonal diameter increase, packing of
bundles takes place, myelin thickness increases and myelin com-
position changes (Ullen, 2009). Diffusion MRI only provides a
crude estimate of these phenomena, and is not sufﬁcient to cap-
ture all the subtle microstructural changes inﬂuencing neural
conduction and information ﬂow (Salami et al., 2003). Not only
white matter changes, but also gray matter matures. For exam-
ple, the particular role of the deep gray nuclei in modulating
brain synchrony through topographically segregated loops link-
ing cortex, striatum, and thalamus is maturing and is likely to
inﬂuence the coupling between structure and function (Haber
and Calzavara, 2009; Fair et al., 2010a). Synaptic plasticity and
neuro-chemical modiﬁcations of the cortex is important. The
GABAergic neurotransmission of interneurons is known to criti-
cally affect synchrony in the gamma band frequency (Hashimoto
et al., 2009; Uhlhaas and Singer, 2010; Gaetz et al., 2011), which
in turn may be related to BOLD signals (Niessing et al., 2005)
possibly including those seen in resting state fMRI.
REMAINING TECHNICAL CHALLENGES
WHEN MAPPING STRUCTURE
General tractography challenges
When inferring connectivity structure by using MRI, it is impor-
tant to note that MRI is not only of coarse resolution compared
to the size of the objects of interest (axons or bundles of axons),
but also that diffusion contrast is not a one to one mapping
with axonal orientation and structure. Tractography is based on
two compulsory assumptions, which are (a) axons are packed
FIGURE 4 | Modularity and structure-function correlation. (A) Cortical
(N = 241) structural and functional connectivity matrices averaged over
young (<4 years) and older (>13 years) subjects. Structural modules are
delineated by the superimposed white grid. While modules are highly
conserved (normalized mutual information = 0.82), there is a notable increase
in structure-function correspondence from younger to older brains. Modules
are centered on the following anatomical locations: M1, occipital cortex; M2,
parietal cortex; M3, parietal cortex; M4, orbitofrontal cortex; M5, frontal
cortex; M6, temporal cortex; M7 , occipital cortex; M8, parietal cortex; M9,
orbitofrontal cortex; M10, frontal cortex; M11, temporal cortex. (B) Increasing
statistical relationship between structural and functional connectivity across
age (R = 0.74, p < 0.005). Adapted from Hagmann et al. (2010b).
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in bundles that have as a whole a smooth and coherent trajec-
tories (b) locally on such bundle a tangent diffusion maximum
exists. These two conditions are true for some parts of the brain
volumeandprobablymostofthelargeﬁbertracts.Therearehow-
ever also many situations where these two conditions are clearly
not respected or not sufﬁcient to solve this ill posed problem.
First of all when looking at white matter under the microscope
by far not all axons follow the main tract with smooth and
coherent trajectories. It is however difﬁcult to evaluate the pro-
portion of such “non-aligned” connections. Second, most voxels
do not have one butcontain severalbundles ofcoherently aligned
ﬁbers. These tracts may locally cross, travel together. Diffusion
imaging, independently of the scan quality, technique, and res-
olution, cannot disentangle ﬁber trajectories in such situation.
The problem is consequently undeﬁned and will result, depend-
ing on the tractography technique, in too many false positive
or false negative connections. This problem again led to inves-
tigation of different algorithms in the HARDI setting (Parker
and Alexander, 2005; Perrin et al., 2005; Behrens et al., 2007;
Hagmannetal., 2007;Wedeenet al.,2008; Gigandet, 2009). Some
groups have tried to relate some complex diffusion PDF shapes
to either crossing or kissing ﬁber proﬁles (Alexander, 2008).
Locally, atthe level ofa voxel, asmall orunmyelinated tract cross-
ing a larger or highly myelinated tract will be obscured in the
diffusion measure. This problem is particularly obvious in the
centrum semi-ovale of the developing brain, where the cortico-
spinal tract is already well matured and obscures crossing callosal
ﬁbers.
Validation work
Although currently insufﬁcient, some validation work has been
done.Using the macaquemodel (Schmahmann et al.,2007)c om -
pared tract reconstructions using post-mortem diffusion MRI
tractography with chemical tracing work to demonstrate largely
overlapping results. Hagmann et al. (2008)s h o w e da tac o n -
nectome level reasonable agreement between CoCoMac database
(Stephan et al., 2001) and post-mortem diffusion MRI in the
macaque. Using the porcine brain (Dyrby et al., 2007)q u a n -
titatively and qualitatively assessed the anatomical validity and
reproducibility of in vitro multi-ﬁber probabilistic tractography
against two invasive tracers. They demonstrated that probabilis-
tictractographyreliablydetected speciﬁcpathwaysandconcluded
that tractography can be a precise tool in studying anatomical
brain connectivity. In the human brain little validation work has
been performed since chemical tracers such as DiI take months
to diffuse through the extent of an entire axon and cannot track
through synapses. Thus characterization of whole brainnetworks
is impossible and data is limited to a few case reports describing
limited regions (Clarke et al., 1999; Di Virgilio et al., 1999; Tardif
and Clarke, 2001).
Region selection
Not only accurate mapping of white matter architecture holds
many challenges. Also the accurate identiﬁcation of cortical
regions at high resolution is difﬁcult because of the intrinsic
variability of the cortical folding and the changing contrast of
the developing brain. At low resolution, robust methods exist.
Template based volumetric registration like in (SPM, MNI) or
surfacebasedmatchinglikeinFreesurferhaveshowngreatresults.
However some of these methods, such as Freesurfer, do not work
in the incompletely myelinated brain. In addition, higher reso-
lution partition of cortical areas is needed, in order to match
with cortical localization of function. Smallest Brodmann areas
are of the order of a centimeter square, some suggest that there
are between 100 and 300 functional areas.Approaches to improve
between subjectcortical localizationhavebeen suggested (alsosee
further discussion below).
Issues proper to development: brain size and anisotropy
Studying developmentaddsonelevelofcomplicationbecausenot
only the volume of the brain (Mlynarik et al., 2006) but also all
MRI contrasts change with age (Barkovich et al., 1988; Huppi
et al., 1998; Morriss et al., 1999; Inder and Huppi, 2000; Barnea-
Goraly et al., 2005; Huppi and Dubois, 2006; Cascio et al., 2007).
These changes may be the objective of a study, but if we want
to add a biological dimension much care needs to be taken and
a profound understanding of developmental biology is essential
in order to formulate appropriate hypothesis and make the cor-
rect conclusions. In the context of connectivity analysis, this is
particularly relevant. Let’s take two examples.
In standard tractography, the number of ﬁber seeds (number
of ﬁber initializations) is proportional to the number of white
matter voxels (Hagmann et al., 2007). Furthermore convoluted
structures like the corpus callosum and intra-gyral white mat-
ter are getting larger with age and related ﬁber tracts stretch out.
Also there aremany instances ofsharp axonalturnsat the bound-
ary with the cortex (Takahashi et al., 2011a). This makes angular
thresholds for tractography also a limitation to assessing axonal
connectivity. These thresholds are however needed to prevent an
overabundance of spurious tracts. Accordingly, with increasing
age more small and relatively curved ﬁber bundles are tracked
successfully. This does not mean in any way that a 2-year-old
brain has less axonal connections than a 18-year-old. In fact, it
is the exact opposite. In the maturing brain diffusion anisotropy
changes (Huppietal.,1998;Morrissetal.,1999;InderandHuppi,
2000; Barnea-Goralyet al.,2005;HuppiandDubois, 2006;Cascio
et al., 2007), which also directly affects tractographic results. The
low FA in the unmyelinated white matter hampers traditional
tractography approaches in the developing brain.
When modeling developing structural networks, it is essential
to associate a contrast that is biologically meaningful to model
connection weight. This is however a difﬁcult task since no MRI
contrastistotallyspeciﬁctoabiologicalcharacteristic.Decreasing
diffusivity andincreasing FAaretypically associated withincreas-
ing maturation. However, this interpretation does not take into
account the variability in myelin thickness and structure in dif-
ferent pathways and does not take into account the compactness
of the axonal bundles. Therefore, mature axonal bundles with
thicker myelin and larger axons are likely to have different diffu-
sivity and FA than mature pathways with less myelin and smaller
axons. Similarly, tightly packed axonal bundles are likely to have
different values than less compact bundles. Other contrasts have
also been shown to change with development. T1 relaxation
time (Barkovich et al., 1988), MTR (van Buchem et al., 2001)
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and myelin bound water T2 relaxation (Miot-Noirault et al.,
1997; Ferrie et al., 1999) are thought to be tightly related to
the concentration of myelination and can be of use in such
models.
We understand from the above discussion that measur-
ing development of brain connectivity is very challenging and
exposed to a high risk of miss-interpratation. Typically one could
interpret that the increase in the number of tractographic ﬁbers
with age reﬂects axonal growth of new tracts instead of acknowl-
edging that this is just a bias related to brain volume increase
and change in diffusion anisotropy (enabling successful tracking
of more ﬁber components in a voxel). Again, there is no signiﬁ-
cant change in neuronal number or increase in axonal numbers
after birth (Cabungcal et al., 2006; Larsen et al., 2006). Indeed,
with the exception of a few brain regions (Menon, 2011), it has
become fairly well accepted that most of the neurons we are ever
going to possess have migrated and are in place by the time we
are born (van den Heuvel et al., 2010; van den Heuvel and Kahn,
2011; Wood et al., 2011). This idea was ﬁrst proposed by the
founder of the neuron doctrine, Santiago Ramon y Cajal, who
stated that neurogenesis is anexclusively prenatalevent. However,
dendritic spine density and synaptogenesis increase rapidly in
early childhood and then slowly decrease to adult levels (Glantz
et al., 2007; Petanjek et al., 2011). While synaptogenesis con-
tinues to occur throughout the lifespan, it occurs at a reduced
rate and is accompanied by synaptic pruning resulting in a net
loss over time. This includes both micro and macro removal of
axons.
Making a developmental study with cross sectional data and
not longitudinal data is on its own a challenge because disentan-
gling developmental changes from inter-individual differences is
problematic. Howevercollection oflongitudinaldataover rapidly
changing time periods such as the ﬁrst few months or years of life
is more feasible than multiyear studies necessary to resolve dif-
ferent rates of change in adults. Thus by adding this dimension
of time enables the use of trajectories to characterize brain devel-
opment and the possibility to detect differences that may not be
evident when development slows later in life.
Strategy to avoid non-plausible conclusions
It is absolutely essential to work with biologically plausible
hypotheses in order to build a model that is in accordance
with our current understanding of developmental biology. For
example, Hagmann et al. adopted the following strategy when
they studied late development (Hagmann et al., 2010b). They
modeled structural connection efﬁcacy in two components: con-
nection density and connection maturation. Connection den-
sity would take into account the physiologic importance of a
pathway (its size) and the mean diffusivity along each tract rep-
resent the level of pathway maturation. They made a strong
hypothesis by assuming that the pattern of connection densi-
ties does not change within age (no change in axonal numbers).
Accordingly they have built an average matrix for the connection
density by averaging together the connection density matrices
of the three oldest subjects (ages 17–18 years) and consequently
eliminate inter-individual differences for that component of the
model. The older subjects were chosen because their connectivity
mapping is believed to be more accurate since maturation is
almost complete and late maturing connections like the cor-
pus callosum (see discussion above) are readily identiﬁable. The
resulting average connection density matrix was applied to all
subjects.
The maturation component was provided by the apparentdif-
fusion coefﬁcients of neural pathways collected in an individual
participant-speciﬁc matrix. Based on earlier work, ADC was used
as a simple marker of maturation believed inﬂuenced by tract
compactness and myelination. It provides a rough estimate of
maturation. After some normalization maturation was modeled
as (1/ADC)-1 with ADC ranging between 0 and 1. Connection
efﬁcacy was then computed as the product between connection
density and connection maturity. An important detail is that
some pathways were detected in older participants and hence
included in the average density, but were not detected in younger
subjects, presumably due to varying brain size or their imma-
ture myelin status. Rather than excluding these pathways from
the analysis, they assumed that they were physically present but
inefﬁcacious (not mature). They were assigned an ADC value
equivalenttothe individual’s95thpercentile. Hence,allstructural
connection matrices maintained an equal number of pathways,
but with individual variations in connection efﬁcacy. With such a
construct, the authorswere ablecomeupwithareasonablemodel
where only tract maturation changes with age and inﬂuences
global brain topology.
This example illustrated the mindset that needs to be taken
when aiming to study the developing connectome. Obviously
when suchstudiesinvolve a developmentaldiseaseandadditional
level of complexity comes into play and one needs to have a clear
mindwhether suchdiseaseimpactsconnectionaltopologyoronly
the physiological weights of the connections. This information
needs to be known or clearly hypothetised before creating the
model since differentiating these two phenomena from the data
is a daunting task. Further work needs also to be done in better
understanding the crude relation between MRI contrasts and the
maturation processes. It would be wonderful to have an imag-
ing model capable of disentangling changes in axonal diameter,
tract density and compactness, and myelination. It would add an
additional dimension to our ability to create accurate structural
models.
WHEN MAPPING FUNCTION
ICA versus seed-based correlation analyses
There are two main approaches for examining correlated activ-
ity with rs-fcMRI. One approach is a seed-based correlation
method, whereby investigators choose an a-priori region of inter-
est (ROI) and generate a seed correlation map by correlating the
time course of the seed with all other voxels in the brain. The
other is independent component analysis (ICA). ICA is a data-
driven approach and does not necessitate selection of a-priori
ROIs. Rather, this method partitions voxels that share variance
in their time courses into independent components. Both of
these methods have strengths and weaknesses (Fox and Raichle,
2007). Detailing all of the issues here is beyond the scope of this
review; however, we will highlight a few particularly relevant to
developmental studies.
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While ICA is model free, data driven, and creates reliable con-
nectivity maps, inconsistencies can arisesecondary to component
selection methods (Fox et al., 2007). In addition, examining com-
ponent interactions within or between groups (e.g., kids versus
adults) is not straightforward as secondary techniques to observe
relationships are required. Both techniques may be prone to
effects ontheBOLDsignalduetomicro-movements(Power et al.,
2012; Van Dijk et al., 2012), an issue that will need to be thor-
oughly explored in future work, and should be corrected for in all
studies. In addition, the seed-based correlation approach has its
own speciﬁc limitations. For example, the number of potential
seed regions one can use to produce a functional connectiv-
ity pattern (or map) are only limited by the number of voxels
contained in the functional image. As typical imaging protocols
generate approximately 100,000 voxels or more, it does not take
great imagination to realize the enormous amount of informa-
tion that can be obtained from any seed-based study. Making
sense out ofsuch largeamounts of informationcan be a daunting
task.
Graph theory and rs-fcMRI
One approach that seems capable of overcoming some of the
shortcomings from these common rs-fcMRI methodologies is
graph theory. Graph theory is a formal method for the study
of networks. Most simply, networks are sets of nodes or ver-
tices (e.g., brain regions) joined in pairs by lines or edges (e.g.,
correlated activity). Many scientiﬁcally interesting systems and
their functional properties have been described using graph the-
ory, including the development of brain systems noted above.
However, even this technique has its pros and cons with regard
to studying brain maturation with rs-fcMRI. One limitation is
that the derivation of graphs via rs-fcMRI typically requires
thresholding of r-values. The choice of threshold is, therefore,
a critical decision point in the analytical process. For exam-
ple, choosing an r cut-off approaching 1.0 will generate very
sparse graphs (i.e., very few connections), whereas a choice of
r close to 0.0 will generate densely connected graphs. Both
extremes would limit any potential differences observed between
groups or across age. Therefore, it is suggested that any ﬁnd-
ings using graph theory be replicated across multiple thresholds.
Indeed some inconsistencies in the literature may relate to this
factor.
Region selection
Another issue with graph theory (or even rs-fcMRI in gen-
eral) that may lead to inconsistent ﬁndings is region selection.
Choosing the correct region set and the correct spatial resolu-
tion is not straightforward. Some studies have chosen to examine
properties using atlas based anatomical parcellations (Salvador
et al., 2005; Achard and Bullmore, 2007; Hagmann et al., 2010b).
Others have used functionally deﬁned regions from either previ-
ous fMRI or rs-fcMRI studies (Fox et al., 2005; Dosenbach et al.,
2007; Fair et al., 2007, 2009b). Choosing the correct spatial res-
olution is also difﬁcult to determine. Region size has varied in
t h el i t e r a t u r ef r o ml a r g eR O I sc o v e r i n ge n t i r el o b e s( Zhang et al.,
2008), downto ROIs the size of individual voxels (van den Heuvel
et al., 2008). Ideally, regions would be selected based on a known
natural scale that partitioned the brain into functionally relevant
units.
In Churchland and Sejnowski’s famous diagram showing
the levels of neuroanatomical organization (Churchland and
Sejnowski, 1991), a level labeled “maps.” While this scale of
functional segregation does not preclude further reﬁnement of
the cortex into even more highly divisible units (e.g., ocular
dominance or orientation columns within V1), there is strong
evidence that there are biological divisions (i.e., functional areas)
present in the brain at the level of “maps.” For rs-fcMRI stud-
ies, due to acquisition resolution, it is (at least as of now)
limited to this level of inquiry. Functional areas are morpho-
logically, topologically, and functionally discrete brain areas that
are distinct from the more general term “region” or “region
of interest” (which may encompass all or part of several func-
tional areas). Four criteria have been proposed for deﬁning
cortical areas (Van Essen, 1985; Felleman and Van Essen, 1991;
Fuster, 2002; O’Leary and Nakagawa, 2002; Sur and Rubenstein,
2005): Function (functional properties distinct from neigh-
boring cortex), Architectonics (having unique arrangement of
cells, myelin density, combinations of chemical markers, etc.),
Connections (differing inputs and outputs of neighboring cor-
tex), and Topography (having a topographic map that can be
used to deﬁne boundaries, for example between primary visual
cortex and V2) (FACT). Because true functional areas hold
unique combinations of inputs, outputs, and internal structure,
each area is thought to make a distinct contribution to informa-
tion processing (Van Essen, 1985; Felleman and Van Essen, 1991;
Fuster, 2002; O’Leary and Nakagawa, 2002; Sur and Rubenstein,
2005; Cohen et al., 2007). As such, examining the natural full
set of functional brain areas as nodes for graph theoretical anal-
ysis would be ideal. Unfortunately, while work is ongoing (e.g.,
Cohen et al., 2007; Barnes et al., 2010), identifying a com-
plete collection of functional areas in the human brain is, as
of now, out of reach. This is particularly relevant to studies of
development because the structural and functional indices we
currently used to approximate functional areas change signif-
icantly from infancy through adulthood even though we are
likely born with an initial broad parcellation of areal architec-
ture (Kostovic et al., 1995). In other words, region sets used to
approximate functional areas that are deﬁned by current func-
tional or structural indices are likely to be different depend-
i n go na tw h a tp o i n tt h e yw e r ed e ﬁ n e do rb e c o m er e ﬁ n e d
across the lifespan. As such, how we deﬁne our regions could
lead to inconsistent ﬁndings. It will be important to consider
these limitations when conducting and interpreting work using
rs-fcMRI.
WHEN STUDYING THE STRUCTURE-FUNCTION COUPLING
The connectome approach that is now gaining momentum
embraces the brain as a large-scale network. This network forms
the scaffold for neurological processes and shapes functional
dynamics. However, we believe that the brain as it develops con-
tains history in that the coordination and timing of network
is likely to have a signiﬁcant impact on emerging properties.
Therefore, it is critical to begin the exploration of network
properties with their genesis and acknowledge the additional
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dimension of time that exists throughout life has profound and
rapid effects during early brain development. It is equally impor-
tant not just to utilize imaging strategies developed in adult
populations without questioning the assumptions on which the
analysis strategies were developed. In particular, it is important
to continually strive to understand the cellular and molecular
mechanisms driving the imaging changes we interpret as a reﬂec-
tion of “connectivity.” A major challenge in developing models
of connectivity is to develop a model that transcends scales and
domains. Fundamentally cortical microstructure and function
give rise to the observed larger scale properties observed with
MRI, NIRS, MEG, and EEG. In addition observations in each
of the domains need to be linked by a global theoretical frame-
work. With high performance computing and the increasing
availability of supercomputers, it is becoming possible to cre-
ate complex computational models of neural connectivity and
function that are informed by known microstructure. Thus we
a r em o v i n gt oat i m ew h e r ew en o to n l ya r ea b l et oe m b r a c e
new areas of mathematics such as graph theory, but also look
to computational neurology as a way to bridge across scales and
hopefully to infer microscopic properties from our whole brain
studies.
OPEN BIOLOGICAL ISSUES
WIRING AND MATURATION OF ASSOCIATION FIBERS
Due to the time intensive nature and high resolution of his-
tological and immunochemical methods, there are still a num-
ber of questions remaining about the nature, mechanism and
regional variations of developing structural connectivity, espe-
cially in the human brain. Cortico-cortical association ﬁbers
are particularly difﬁcult to characterize, as are intra-cortical
connections. Rodent models are highly valuable to investi-
gate detailed molecular mechanisms involved during develop-
ment but given their very different brain structure compared
to the human they cannot provide the morphological infor-
mation necessary to fully understand developing human con-
nectivity, in particular complex cortico-cortical connections.
Even higher order primate models may not have the same
regional variation that is unique to the complex orchestration
of normal human development. Probing directly human sam-
ples is essential and given the difﬁculty inherent to histologi-
cal techniques, in vivo or post-mortem imaging seems to be a
technique of choice to address large scale, marco/meso-scopic
questions.
VASCULAR MATURATION
It has long been known that increases in neural activity are fol-
lowed by an increased blood ﬂow and glucose metabolism, but
not a proportional change in oxygen consumption (Raichle and
Mintun, 2006). This mismatch between blood ﬂow change and
oxygen consumption leads to an increase in the T2∗-weighted
magnetic resonance signal—the basis of fMRI and an effect
known as blood oxygen level dependent (BOLD) contrast.
Considering this, one issue that needs attention is how the
BOLD response across development changes in relation to devel-
oping neuronal activity. For childhood to adulthood studies
this has been addressed, in part. While it is conceivable that
developmental differences in the hemodynamic response could
affect connectivity measures in this age range (D’Esposito et al.,
2003), there are a few reports which show that changes observed
over development with fMRI are likely not solely the product of
changes in hemodynamic response mechanisms over age (Kang
et al., 2003; Wenger et al., 2004).
With that said, the relationship of BOLD ﬂuctuations to
neuronal activity needs to be further understood, particu-
larly in the early developing brain. T2∗ changes are driven by
changes in deoxyHb volume primarily within the post capil-
lary, venule or venous compartment. The relative size of the
different vascularcompartments changes signiﬁcantly over devel-
opment (Marin-Padilla, 1985; Lauwers et al., 2008). In addition
changes in oxyHb are not directly assessed by BOLD ﬂuctu-
ations. Typically at all ages, oxyHb responses are larger than
deoxyHb responses (Huppert et al., 2006), therefore the absence
ofadetectable deoxyHbresponsedoesnotexcludefunctionalvas-
cular responses. Cerebral blood ﬂow changes would be closer to
the neuronal activity but the most direct measure of a vascular
response would be increases in cerebral metabolic rate of oxy-
gen consumption. Therefore, when studying developing vascular
response in the context of ongoing synaptogenesis especially in
the context ofa complex rapidlychanging whole body physiology
ofthe fetus, preterm or neonate, cautionis required andattention
to known developmental milestones is required. For example the
hematocrit nadir that occurs approximately6 weeks after delivery
asfetalhemoglobintransitionstoadulthemoglobincaninﬂuence
cerebralperfusionandimpactvascularresponses(Roche-Labarbe
et al., 2011). In addition, some studies indicate that vascular den-
sity is greater in the white matter than in the cortex until around
term (Nelson et al., 1991; Miyawaki et al., 1998) and although the
leptomeningeal vessels have a muscularis early on, the muscularis
of the cortical branches may not develop until 6–9 months of age
(Nelsonet al.,1991). Suchdevelopmentalchangesmayhaveasig-
niﬁcant impact on the interpretation of fetal and preterm BOLD
studies and suggesta limitation to localcontrol of vascularsupply
early in life.
As a result of this increasing demand to better understand
microscopic characteristics and to improve our understanding
of structural and functional development there is an increasing
need to engage the pathologist/neuroscientist. The question of
regionalvariationinmaturationandspecializationislongknown
to developmental neurobiologists (Yakovlev and Lecours, 1967;
Huttenlocher, 1979; Levitt, 2003; Luo and O’Leary, 2005)a n d
supportrecent imaging ﬁndings. Itwill beimportant moving for-
ward to directly link early ﬁndings with new imaging work across
the multiple levels of inquiry (Churchland and Sejnowski, 1991).
Such synergy would lead to a number of new directions of study
in the human brain.
CONCLUSION
The connectome framework for studying human brain devel-
opment is rapidly increasing in popularity, as it is more and
more understood that cognition and behavior arise from dis-
tributed network properties. In addition, many mental health
Frontiers in Systems Neuroscience www.frontiersin.org June 2012 | Volume 6 | Article 43 | 11Hagmann et al. Concepts in imaging brain connectivity development
disorders are neurodevelopmental disorders likely arising from
poorly regulated network activity. As a result there is an intense
need to develop a framework for studying the developmental tra-
jectory of network properties. A delay in emergence of abnormal
network properties may indicate a window of opportunity to
intervene with medical or behavioral therapy. In addition, the
timing and character of divergence from may provide hints as
to timing or nature of possible secondary “hits,” as well as a way
to assess success of early interventions prior to the emergence of
behavioral phenotypes.
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